1
INTRODUCTION 1 2
Small pelagic fish species constitute food products of great economic importance 3 in many European countries (Huidobro, Montero, Tejada, Colmenero, & Borderías, 4 1990 ). Although recognized as a healthy food, mackerel (Scomber scombrus), a species 5 abundant in the northeast Atlantic, remains underutilized because of its short chilled 6 shelf life (up to 9-10 days) (Sanjuas-Rey, Gallardo, Barros-Velazquez, & Aubourg, 7 2012 ). Mackerel and other fresh fish are extremely perishable when compared to other 8 food commodities and thus freezing and frozen storage is most often used for their 9 preservation. However, quality is lost during frozen storage due to texture, flavour and 10 colour deterioration (Matsumoto, 1979) . Deterioration of fish during frozen storage 11 depends on many factors including fish species, storage temperature, time and 12 endogenous enzymatic activity. According to (Burgaard & Jørgensen, 2011), frozen 13 storage temperature did not seem to affect cathepsin D activity in trout. However, 14 (Nilsson & Ekstrand, 1995) , observed that frozen storage temperature affects lysosomal 15 membrane integrity resulting in increased lysosomal enzymes leakage and thereby 16 increased β-N-acetylglucosaminidase activity in trout samples stored at -18 ºC as 17 compared to -40 ºC. The release of lysosomal lipases in trout decreased during frozen 18 storage (Geromel & Montgomery, 1980). However, lipase activity is the principal cause 19 of hydrolysis and formation of free fatty acids (FFA) during frozen fish storage 20 (Gallardo, Aubourg, & Perezmartin, 1989) . 21 HPP is a non-thermal technique for food preservation that efficiently inactivates 22 vegetative microorganisms while retaining high quality levels (Mújica-Paz, Valdez-23 Fragoso, Tonello Samson, Welti-Chanes, & Torres, 2011). HPP is applied commercially 24 in the 100-700 MPa range allowing most foods to be preserved with minimal effect on 25 taste, texture or nutritional characteristics ( and T12 (150 MPa, 5 min). The 0 min holding time samples were carried out to study 31 the effect of just the pressure come-up and depressurizing time. Non-pressure treated 32 samples (T0, untreated controls) were also studied. The pressurizing medium was water 300, and 450 MPa, respectively; while decompression time took less than 3 s. 1
Pressurizing water was cooled down to maintain room temperature (20 ºC) conditions 2 during HPP treatment. HPP-treated samples were kept frozen at -20 ºC for 48 h before 3 storage at -10 ºC and sampling after 0, 1, and 3 months. A storage temperature (-10 ºC) 4 higher than that employed commercially (-18 ºC) was chosen to accelerate the effect of 5 storage time. 6 7 2.2. Enzymatic activity 8
Preparation of enzymatic extract 9
The enzymatic extract was prepared as described by Lakshmanan et al. (2005) . 10
Fish samples (10 g) of pooled fish muscle from each of three individuals (control or 11 HPP-treated samples) were homogenized with 50 mL ice cold distilled water for 2 min. 12
The homogenate was kept in ice for 30 min with occasional stirring. After 30 min, it 13 was centrifuged at 4 ºC for 20 min at 14,600g. The supernatant was filtered through a 14
Whatman nº 1 filter and stored at -20 ºC prior to enzymatic activity quantifications. 15 were incubated at 37 ºC for 15 min. The reaction was stopped by adding 1 mL 100 mM 22 potassium hydroxide (KOH) and the p-nitrophenol (p-NP) released was measured at 23 400 nm. Acid phosphatase activity was expressed as nmol p-NP/min/g of fresh fish. 24
Three replicates were performed for each treatment. 25 26
Cathepsins activity 27

Cathepsin B 28
Cathepsin B activity was assayed by the methodology described by Lakshmanan 3 h at 37 ºC. The reaction was stopped by the addition of 0.6 mL 10% trichloroacetic 10 acid (w/v). After vigorous stirring, the precipitate was removed by centrifugation 11 (18,000g for 15 min) and the soluble peptides measured at 280 nm. Cathepsin D 12 activity was expressed as µg tyrosine/min/g of fresh fish. Three replicates were 13 performed for each treatment. 14 15
Lipase 16
Lipase activity was assayed with olive oil as substrate following procedures 17 recommended by the titrimetric enzymatic assay supplier (Sigma-Aldrich, 1999). 18
Enzyme extract (1 mL) was mixed with the substrate solution (1.50 mL of olive oil, 19
1.25 mL of water, and 0.50 mL of 200 mM Tris-HCl buffer, pH 7.7) and incubated at 20 37 ºC for 24 h. The reaction was stopped by adding 2 mL 95% ethanol (v/v) and the 21 liberated free fatty acids (FFA) were titrated against 25 mM sodium hydroxide (NaOH) 22 using thymolphtalein as indicator. Lipase activity was expressed as µmol FFA/min/g of 23 fresh fish. Three replicates were performed for each treatment. 24 25
Statistical analysis 26
Fish samples corresponding to each treatment were analysed after 0, 1 and 3 months of 27 frozen storage time. The effect of pressure level and holding time were tested with a 28 two-way analysis of variance (ANOVA), followed by a multiple comparisons test 29 (Tukey HSD) to identify differences between treatments. For each storage time, the 30 differences between control and treated samples were tested with one-way ANOVA 31 followed by Tukey HSD test. The level of significance was established at p < 0.05. 32
Subsequent to this analysis, the data were fitted to a model to assess conditions of formulated using the Design Expert® 7.1.1 software (Stat-Ease, Inc., Minneapolis, MN, 1 USA). The model was validated through a multifactor ANOVA test. The set of 2 experiments follow three-level factorial design for the two factors: pressure level and 3 pressure holding time (Box & Behnken, 1960) . Error assessment was based on a 4 replication of the central point (three timesthe treatments T4, T5, and T6) and a 5 lateral point (two timesthe treatments T10 and T11). Analyses were repeated for each 6 frozen storage time and the complete dataset obtained for each enzyme studied was 7 fitted to the following second order polynomial model as a first approach to 8 experimental data analysis: 
Acid phosphatase activity 21
Phosphatases are very important enzymes in the regulation of various metabolic 22 processes that occur by phosphorylation and dephosphorylation (Sparks & Brautigan, 23 1986 ). Among other degradative mechanisms, phosphatases are involved in the ATP 24 degradation resulting in different molecules (ADP, AMP, IMP, etc.) lowering the fish 25 freshness K value (Gill, 1992). The initial phosphatase activity (month 0) of untreated 26 frozen Atlantic mackerel muscle (control) was 232.4±2.3 nmol p-NP/min/g (Table 1) , 27 which is a value similar to those reported in other studies for other fresh fish species 28 (Kuda, Matsumoto, & Yano, 2002; Teixeira, et al., 2013) . HPP-treated samples showed 29 significant decreases (p < 0.01) of activity after 0 and 5 min treatments at at 450 MPa. 30
However, when compared to frozen controls at the same storage time, the HPP effect 31 was small, even though statistically significant in some cases, particulary at the highest 32 pressure level studied (450 MPa). When considering the longest time studied (month 3), 1 a slight activity increase (p < 0.05) was observed in samples treated at 300 MPa. 2 Since pressure level, holding time and frozen storage time showed a marked effect 3 on acid phosphatase activity, a multifactor ANOVA analysis was necessary to assess 4 their relative influences. A significant (p < 0.0001) model with an F-value of 9.00 was 5 used to confirm the significant effect of each independent variable. Acid phosphatase 6 activity was strongly affected by frozen storage time (F value = 29.02; p-value 7 probability > F was p ≤ 0.0001), although an important effect of pressure could also be 8 variables with the higher influence on cathepsin D activity (pressure level and frozen 21 storage time) is shown in Figure 3 . 22
The application of HPP on fish muscle has been shown to have two effects on 23 cathepsin D activity. Up to 300 MPa, activity increases, probably due to a release from 24 the lysosomes. In some reports, this activity decreased progressively with tretaments 25 above 300 MPa, which has been attributed to a progressive higher enzyme inactivation 26 were observed. 8
The multifactor ANOVA analysis yielded a low F-value (4.44) implying that the 9 model was not significant (p-value probability > F of 0.0113). Previous works showed a 10 correlation effect of HPP treatments with FFA formation (Vázquez, Torres, Gallardo, 11 Saraiva, & Aubourg, 2012). Increasing the pressure holding time reduced the formation 12 of FFA at 300 and 450 MPa, while at 150 MPa the reduced lipase activity effect was 13 observed only after 3 months storage. In the present work, lipase activity was found to 14 be more affected, being reduced at 300 and 450 MPa, which correlated with the lower 15 FFA formation observed in the work previously reported using the same fish samples in 16 the scope of a collaborative project. It can be concluded that these pressure levels 17 caused beneficial reductions in lipase activity during the storage of frozen fish. Table 4 -Enzymatic activity of lipase (x10 5 µmol FFA/min/g) of Atlantic mackerel 1 muscle. Values are presented as average ± standard deviation. Different letters denote 2 significant differences (p < 0.05) among pressure levels (A-C) or among pressure 3 holding times (a-c). The symbol * denotes significant differences with control unteated 4 samples. 5 
Figure legends
